


i

L.
b
b
-

s
L
LE
| I

12

36
fie2

[

it |l

20l =l

e,

¥3° ]
3 - )-h.'

TR

QAR

e Jup TS A A W Ny ) e e o 8 o a0 y Y % b'\*J.Ii -

16

P

3y

I

MICROCOPY RESOLUTION TEST CHAR1

LR




IHIL HLE CORY

Guided Wave Interactions in Millimeter-Wave Integrated Circuits O

> e W S _N_W_ -
P ]

sJ\}‘.I'.I!;.,'- .,‘ g
1

o

o

A
3

Final Report
by

7,

LA

_‘x"l{
SO0

Tatsuo Itoh

January 15, 1988
U.S. Army Research Office
Contract No.: DAAG29-84-K-0076¢

AD-A193 017

The University of Texas at Austin
'Department of Electrical and Computer Engmeermg
Austin, Texas 78712

DTIC

o ZLECTE
Q> APR 1 41988

APPROVED FOR PUBLIC RELEASE:
DISTRIBUTION UNLIMITED




A A AR AL AV I 20 0"8 2" .80 400"
UNCLASSIFIED
ECURITY CLASSIFICATION OF THIS PA

REPORT DOCUMENTATION PAGE
Ta. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS

Unclassified
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Dl
» &

kS

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE Approved for public release;
distribution unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

Za2 W

‘;:"-

B rY

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL | 7a. NAME OF MONITORING ORGANIZATION
The University of Texas at (If applicable)

Austin U. S. Army Research Office

6¢c. ADDRESS (City, State, and ZiP Code) 7b. ADODRESS (City, State, and 2IP Code)
Department of Electrical & Computer Engineerin P. O. Box 12211

The University of Texas .
R -
Austin, TX 78712 esearch Triangle Park, NC 27709-2211

8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable)

U. S. Army Research Office
8¢c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
P. 0. Box 12211 PROGRAM PROJECT TASK WORK UNIT
;] ELEMENT NO. NO. NO. ACCESSION NO
Research Triangle Park, NC 27709-2211

Pl d

I‘.
¥

o
L)

-
-

-

A O Pe

1. TITLE (Include Security Classification)
Guided Wave Interactions in Millimeter-Wave Integrated Circuits

a
X

, ek

l’

S

At

12 PERSONAL AUTHOR(S)
Tatsuo Itoh

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE Of REPORT (
Final Report fROM 9/1/84 101/15/88)| Jan. 15, 1988
S ————— A ————————

16 SUPPLEMENTARY NOTATION ) . L
The view, opinions and/or findings contained in this report are those
of the authqr(s) _ and sh?uld not be_constﬁuﬁs as, an gfficial D;Rartment of the Army position,
ol

nalicy Qr £1a10n uplecs gn eslenate ather ‘umentat

17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP planar transmission line structures, quasi-optical

components, slow-wave structures, optical interactions,

active device modeling

o 1

Year, Month, Day) [15. PA§g COUNT

L W
Lt

DR NS

g ._\'\ :‘

'9 ABSTRACT (Continue on reverse if necessary and identify by block number)
This report summarizes activities in the Electrical Engineering Research Laboratory at

The University of Texas on various structures for millimeter-~wave circuits. This work
was done under the sponsorship of the U.S. Army Research Office under Contract
DAAG29-84-K-0076. The topics of investigation included planar transmission line
structures, quasi-optical components, slow-wave structures, optical interactions and
active device modeling. A list of publications is included.

0,
L)

RN, s

W I
h l: ‘e

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
CJuncrassiFieounumiTes [ SAME AS RPT. O oTIC USERS Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Inc/lude Area Code) | 22¢c. OFFICE SYMBOL

‘ff-l

2

DD FORM 1473, 8a MAR 83 APR edition may be used until exhausted.

; SECURITY CLASSIFICATION OF THIS PAGE
All other editions are obsclete

UNCLASSIFIED

e !C‘ Fd "\" .r'.;\-f._
a ) MO S
) L) N .8




i .4 - § ' Ry s ; . alinlaio g at e v A ¥ A IRORES P ......;. . b Y P A “ﬂfnn x)

QERRA P R ar ik SRARIVATITSL P ISR TNV e 3 s i Ot e S A R N AN SR LA A A A I AT SRR M PNIR PACAC A TR Py -o-.v

o '’
o 4

s
»

v
«

gineering

Final Report
by
Tatsuo Itoh
January 15, 1988
U.S. Army Research Office
The University of Texas at Austin
Austin, Texas 78712

Contract No.: DAAG29-84-K-00766
Department of Electrical and Computer En

3 4
Guided Wave Interactions in Millimeter-Wave Integrated Circuits
APPROVED FOR PUBLIC RELEASE:
DISTRIBUTION UNLIMITED

PO PN ; - L N e e A ' w w B S AL AL A A 2y Ar 4 o S B i T N P E RSN IRy - - AR e -



7 aN i -‘ - e '...ﬂ A RIS AT AN 1 0 a0, tad Sl -‘--""" b A A S A '
o
v
%
. )
TABLE OF CONTENTS N
N
Page N
b
7N
! N 3 » < T3 2SO 1 :; N
3 W )/
\ 1. Introduction. . ...........c.iiiiiinenenenennnennnnn 2 J
; 3
k 2. Planar Transmission Lines. . . ............... ... .. .. ... 2
2.1 Microstrip Step Discontinuities. . .. ... ....... S 2 \
S
; 2.2 Non-Touching E-Plane Fin and Its Application =
K to an Evanescent Mode Filter. . .................... 4 ;.;
2.3 Finline with a Ferrite Layer. . . .................... 7 ‘
.
N
2.4 Superconducting Planar Transmission Lines. . ... ....... 7 E’;
/ . . >
| 3. Quasi-Optical Structures. . . .......oi vttt 8 z :
3.1 Planar Frequency-Doubling Space Power Combiner. . . . ... 8 A %
3.2 Planar Frequency-Doubling Power Combiner Excited 'l'.‘,'
by aMicrostripLine. . ... ...... ..., 9 y
3.3 CoupledSlot Antenna. . .............ciiveninn. 10 ’
3.4 Self-Oscillating HEMT Quasi-Optical Mixer. . ........... 11 1:'. )
)
4. Device Modeling and Characterizations. . . ................. 12 :i _'
4.1 Large Signal Model of GaAs MESFET. . .............. 12 ;
4.2 Two-Dimensional Simulation of FET Structures. . ........ 12 '~_,
;; 5. Slow Wave SHUCIUIES. . .. .. ovvviueeeneneenas 14 A
! o
E 5.1 Slow-Wave Coupled Line Structures. . .. ............. 14 )
5.2 Crosstie CPW and Microstrip Slow Wave Structures. . . . .. 15
, 6. Broadband Planar Optical Modulator. . . .................. 16
References. . ... ittt it i e e e e e 18 | a
Listof Personnel. . .. ... ... ... .. ... . . 20 ;“
Il
List of Publications. . . . . ...« .vovueret e 21 N
i
&
; ]
, 3
e e e e s e e mennn e e ]
:-_ e "\‘}::\;‘\Z_‘:-.; R ;{" -‘\"-;-': ;-.:;{;{"i‘;x’-f -.:;-:'ﬂ' < ;-'\:{:-:'.:{’{v;._:\'_- o \.:'. " -.";-.";{'{_x." $-." X '_\j\"- :; '(x_;\.: ‘;-;_\ AN ;.. _;-:\ '



Appendix 1

Appendix 2

Appendix 3

Appendix 4

APPENDICES

"Comparative Study of Mode-Matching Formulations for Microstrip
Dlsconunulty Problems,” T. S. Chu, T. Itoh, Y.-C. Shih, [EEE

n Microw. nd Techni , Vol. MTT-33, No.

10, October 1985.
"Generalized Scattering Matrix Method for Analysis of Cascaded and

-offset Microstrip Step Discontinuities;” T.S. Chu and T. Itoh, IEEE
Transactions on Microwave Theory and Techniques, Vol. M'I'I‘-34 No.

2, February 1986.

"Microstrip-Fed Planar Frequency- Muluplymg Space Combiner," S.
Nam, T. Uwano, T. Itoh, IEEE Tran n Microwave Th

[echnigues, Vol. MTT-35, No. 12, Deccmber 1987.

"Crosstie Overlay Slow-Wave Structure for Broadband Traveling-Wave
Type Electro-Opticai Moculators,” H.-Y. Lee, T.H. Wang, T. Itoh
(submitted to Internationai Journal of Infrared and Millimeter Waves).

'l

" l' —{ l"{" .1’ l’

PP AR

8.
Y
A
.
LY
)
4
1

A

VI EPLI T

,
R
a o x




"~

b R
x :
} ,
>
&3
3
! 3
: ABSTRACT -4
}‘ -
! This report summarizes activities in the Electrical Engineering Research Laboratory e
; at The University of Texas on various structures for millimeter-wave circuits. This work N
} L)
‘ was done under the sponsorship of the U. S. Army Research Office under Contract 3
N DAAG29-84-K-0076. The topics of investigation included planar transmission line M
¥ » b
- structures, quasi-optical components, slow-wave structures, optical interactions and ok
A . . . . e ¥
- active device modeling. A list of publications is included. ¢
: RY
Ca B
& ]
M £
% IF'.
: :
- <
“n
?
o
el LN ‘
z 3
, N
o+ ~
) =~
- -
L4 4
3 ~5
¢ N
4 ( .-
,} )‘ :.-
. T
: i:
o ':
\', R

)




1. Introduction

As the operating frequency of the millimeter-wave circuits is increased, some of the
problems that are not very relevant at lower frequencies become significant. For
instance, accurate evaluations of the discontinuities in the planar transmission lines
become essential in the design of the integrated circuits, particularly those in the
monolithic form. It is no longer sufficient to simply characterize the active device from

the DC point of view. Interactions of the guided waves with the active devices becomes

"~
>y,
.

[ 3

important in the design of many components. It is desirable and necessary to explore
new types of circuits and structures that take advantages of these wave interactions.

The projects summarized in this report have been undertaken with the spirit

4 %
e

mentioned above. A number of projects on the interactions of the guided waves with

oo
-,

L 4 4

devices have been studied. This report summarizes all of the projects supported by the

- " ‘I

Army Research Office under Contract DAAG29-84-K-0076 and the publications that

-3 %
> .

e
A

resulted.
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2. Planar Transmission Lines

>
In the past several years, numerous publications have appeared in the literature on 1
2
the subject of guided wave characteristics of various planar transmission lines. In spite N
o
-\ .
of all this activity, accurate characterizations of discontinuities as the frequency is Q:?
N
increased are still in a rather primitive stage . Additionally, a recent discovery has 'Y
“F
generated some interest in superconducting planar transmission lines. Projects related to ‘\'.:
. . . N
these subjects will be summarized below. N
L 4
\:_\
2.1 Microstrip Step Discontinuities N
AN
The microstrip step discontinuity problems are often formulated in terms of the NOY

"
'l

(4

mode matching technique applied to an equivalcit waveguide inwdel. Figure 1 shows the

7

step discontinuity as analyzed by the mode matching technique. From the mode matching

o ras
Ve ge s

B



technique, several different formulations are obtained depending on how the E- and H-

field continuity equations are processed. Some formulations are believed to be superior

to others in terms of convergence and numerical labor. An extensive study has been

conducted to compare all possible formulations for the microstrip discontinuity problem.

It was found that one of them is much superior to all others. In fact, this is the simplest

formulation and requires the smallest matrix [1] (see Appendix 1). To study the accuracy

of the method, an independent check of the results has been conducted by using the

Modified Residue Calculus Technique. This method is known to be numerically efficient

and to result in accurate scattering parameters of the discontinuity. The results compare

-

very well with those obtained using the mode matching method as well as those that have

been reported in the literature [2].
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Fig.1. Microstrip Step Discontinuity
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When the mode matching method or the Modified Residue Calculus Technique is

combined with the Generalized Scattering Matrix Technique, cascaded and offset step

discontinuities can be characterized. The cascaded step discontinuities often appear in the

form of a symmetric stub to the main microstrip line and can be decomposed to two
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successive step discontinuities. On the other hand, the offset microstrip discontinuity can

LRRRAYY (e
-‘{..-f‘o{{ - SN 5’_

4
o
o
i be decomposed to two successive step discontinuities separated by a zero distance. First, g—
s each step discontinuity is characterized by the mode matching method or by the Modified ]
» '
p . - . . . . . . !
! Residue Calculus Technique so that the generalized scattering matrix of each discontinuity N
» ‘,"
) . . . . . . . )
: is derived. These generalized scattering matrices are combined by the matrix o
[ manipulation to obtain that of the composite structure. The interactions between the two :Z;
\ o
'. discontinuities by way of the dominant as well as higher order modes are taken into D
account [3] (see Appendix 2). ;
)
3
hing E- s
N
A non-touching E-plane fin shown in Fig.2 is a useful circuit component for E- ;'
N
plane integrated circuits. It is printed on a sustrate which is in turn inserted into a TE () _:'.ﬁ
) -:‘:
‘ waveguide along its E-plane. One end of the stub is connected to the top or bottom wall It
el
of the waveguide whereas another end does not reach the opposite wall. This element ;
can be used as a transition from a waveguide to a printed circuit and as a filter element. f'i‘\-
; This configuration has been analyzed by an extension of the spectral domain technique. o
¥ ..:
This extension essentially provides a Fourier transformed version of the integral 3
equations with respect to unknown current components excited on the stub. The ’x
formulations are algebraic equations with inhomogeneous terms corresponding to the C:'_;
L : Ty
incident mode. These equations are solved for the current components on the stub. Once »
| these current components are found, the amplitude of a particular scattered mode can be N ::
identified from the residue of the Green's function in the spectral domain [4,5]. 1,-}
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Fig.2. Non-Touching E-Plane Fin
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B The analysis is extended to the case where a non-touching E-plane fin is located in

y oy

S the waveguide below cutoff. With this configuration, an evanescent mode filter can be

' a

formed. The evanescent waveguide containing non-touching E-plane fins are connected

. p——

to the standard waveguides on both ends via double step discontinuities as shown in Fig.

3. The generalized scattering parameters are obtained for the double step discontinuity by

e

means of the mode matching method. Each fin is characterized by the extended spectral

) N
: domain method and the generalized scattering parameters are obtained. Connecting all of "‘
¢ !
" these scattering matrices, one can find the scattering matrix of the entire filter. A simple oy
] -,
L] ‘
; way of explaining the operation of this filter is as follows. The waveguide below cutoft '
v is essentially a quasi-lumped inductance. The non-touching E-plane fin provides a )
v "
o . . . . . -+
. capacitance which resonates with the inductance to determine the passband of the filter -
] g
; [6]. A typical passband characteristic is shown in Fig. 4. b
" -
» “~
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2.3 Finline With a Ferrite Laver

A finline with a ferrite substrate can be used for a nonrcciprocal phase shifter.
However, this structure is not very practical. A more practical one uses a dielectric
substrate and a ferrite layer is attached on the unmetalized side of the substrate as shown
in Fig. 5. In this manner, design flexibility can also be increased. This structure has
been analyzed by the spectral domain method. It is found that an appropriate choice of
structural parameters can enhance nonreciprocity of the phase velocity. Hence, the

nonreciprocal phase shifter based on the present structure can be optimized {7].

a A

81 Ho ~ 84 Ho
H

<— | d | h ly —

Fig. 5. Ferrite Loaded Finline

2.4. Superconducting Planar Transmission Lines

Although the resistance in a superconductor is zero at DC, it is not zero at higher
frequencies due to penetration depth. Nevertheless, the conductor loss in a
superconducting planar transmission line is substantially smaller than its counterpart in
the normal metal transmission line. Therefore, the dielectric loss is the dominant loss

mechanism for the wave attenuation. The extent of the dielectric loss has been



investif,ated and several modifications of the microstrip line have been suggested for

possible dielectric loss reduction [8].

3. Quasi-Optical Structures

As the operating frequencies are increased, a quasi-optical structure is an attractive
alternative for conventional microwave and millimeter-wave systems. A typical quasi-
optical system consists of lenses, reflectors and wire grids. The wave in these free-space
waveguides eventually interface with microwave circuits. In the past several years, there
have been some efforts to use planar circuit technology in this interfacing portion of the
structure. A number of quasi-optical mixers have been reported in which a planar
antenna is directly integrated with the mixer circuit [9,10]. In comparison to these:
mixers, little has been reported on studies of other active components. Several attempts

have been made in this area during this contract period.

3.1 Planar Fr ncy-Doublin w mbiner

A novel structure for a high-power millimeter-wave quasi-optical application has
been conceived and tested. On a large ground plane, a number of periodically placed
slots are created and a varactor or Schotkky diode is placed in each solt. These slots are
excited by a reduced height waveguide with its top wall as a part of the ground plane
described above (see Fig. 6.). The slots are resonant at the desired second harmonic
frequency and fed by the fundamental frequency from the reduced height waveguide.
Since the slots are electrically small at the fundamental frequency, only a small amount is
coupled to each slot. Thus, a large number of slots can be fed by a single source. No
branching network or tuning circuits are required. The diode can be operated without any
dc bias. The second harmonic signals from each slot are radiated into free space and
combined there. In a test from 4 to 8 GHz multiplication, the conversion loss is about 2

dB and in the one from 17 to 34 GHz it is 7 dB. Fourteen diodes are used in the
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structure and the sidelobe level of this "phased array" is less than -14 dB. An 8-diode
combiner has been tested for doubling a 35 GHz signal to a 70 GHz output and the
sidelobe level was less than -12 dB [11].

t 130

170

coax to waveguide
waveguide termination
transition

ground plane

Fig.6. Quasi-Optical Multiplying Slot Combiner Array

i P T ML

Planar Frequency-Doubling P r Combiner Exci

The frequency-doubling power combiner is fed by a microstrip in this project so

Pk 0 Tl ¥

that the structure is more amenable to planar and, eventually, to monolithic fabrication.

In this structure, a number of slots in the ground plane on the substrate are excited by a

microstrip line on the other side of the substrate (see Fig. 7). First, characteristics of the

L AL
N ’
.

transition from a microstrip line to a quarter wave slot has been studied. From this study,

£

the amount of power left over to the output side of the microstrip line can be evaluated.

N

5 Y

The location of the transition is adjusted at each slot so that approximately the same
amount of power is fed to each slot. Also, the length of the microstrip line feed between

the two slots is adjusted so that all the slots are fed in phase. Based on these studies, slot

¥ ("-" ."qv < ay
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arrays with up to eight elements have been successively tested. The conversion loss was

ke,
D’.

about 16 dB from the input of 5.4 GHz to the output of 10.8 GHz [12]. A detailed

o oy
&*‘?

design consideration is reported in Appendix 3.
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3.3 Coupled Slot Antenna

The radiation characteristics of a pair of half wave slot antennas have been studied

ol “
both theoretically and experimentally. This project is to confirm that the even mode .

(coupled slot mode) radiates well while the odd mode (coplanar wavegude mode) does o !

%
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s-"":-\.'f‘.-".-":‘.-,




not. The calculations are based on the spectral domain method to find the fields in the

slot as well as in the far field. Experiments of the radiation patterns agreed well with the

theoretical prediction [13].

Tt LY 2.t
e L

3.4 Self-Oscillatin i-Optical Mixer
Based on the even and odd mode properties of a coupled slot, a self oscillating,

quasi-optical mixer has been designed and built with two HEMT devices at the X band.

TNty Ty e W o T

The coupled slot receives an incoming RF signal in its even mode. One HEMT is placed

in each slot and generates a local oscillator signal which is supported by the odd mode in

RO ARS

a coupled slot. The RF and LO signals are then mixed in the HEMT devices and down

Cqe

converted to an IF signal which is extracted by a microstrip line on the substrate. An

isotropic conversion gain of 5 dB has been attained [14]. Figure 8 shows a schematic of

N
)
B
S
L~
L.y

the structure.
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4. Device Modeling and Characterizations :
-
At higher millimeter-wave frequencies, the width effect of the three terminal devices ;' 4
E such as MESFET's can be significant. This effect may be detrimental in a usual device. “
\ However, several possibilities exist for using the width effect to create a distributed
..' t
device in which the guided wave is amplified while it is traveling in the width direction of =
' the device. Before such a device is investigated, it is necessary to characterize
e
¥ conventional three terminal devices both from the device simulation point of view and E
o e
’ from the circuit application point of view. ~
. "
o e
. )
. ) W)
: 4.1 Large Signal Model of GaAs MESFET o)
, An efficient numerical algorithm has been developed for a large signal lumped i
circuit model of the GaAs MESFET which will aid circuit design and will find the two \.,
D ‘: y )
port charactersitics of the device. The method is base on the conventional hybrid time- Y
‘ Phy,
! frequency domain iterative method called the "multiple reflection technique.”" However, i
the convergence has been improved significantly by incorporating an acceleration i
"
algorithm similar to the successive under-relaxation technique. The predicted results for a :f,'
N\ l'-“
. MESFET power amplifier agree well with the measured data [15]. f i
X NG
. ~
I3 ," J
. 4.2 Two-Dimensional Simulation of FET Structures b
: N
FET's of several different types have been simulated by means of a finite difference
b algorithm. The primary purpose of this work is to select a candidate for a traveling wave {
) FET. The simulation program takes into account the energy momentum relations so that '
. the method can simulate FET's with a submicron gate length [16]. Among these . )
structures investigated, an FET with an inverted gate configuration has been selected for ,
y the traveling wave device (see Fig. 9). In this configuration, the gate is located on ihe .-
underside of the active layer through the substrate. The source and the drain are located r
; . \
A on the upper side of the active layer in the usual manner. The device should be operated Ny
D) o
! ¥
) 12 A
)
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with a grounded gate mode. Then the source and the drain can be treated in a coupled

7-;!

strip transmission line under the traveling mode of operation. Electrical characteristics of

Pl 4
b xS

j the device have been obtained which will be used in modeling the traveling wave device

in work which will be done under the subsequent contract.
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5. Slow Wave Structures

One of the problems facing the implementation of millimeter-wave monolithic
integrated circuits is the large size of passive devices. They occupy valuable real estate
on the GaAs substrate. To alleviate this problem we have done extensive studies on the
slow wave structures. Two types of slow wave structures are available. One of them is
based on the lossy layer in a semiconductor substrate and another makes use of crosstie
metal configuration. The latter one is proposed for extensive study in the subsequent

contract. Only very preliminary work was done on this during the report period.

5.1 Slow-Wave Coupled Line Structures

The slow wave propagates in a printed transmission line in which the conductors
are placed on a thin lossless layer. This is in turn placed on a lossy layer which is created
on a lossless substrate (see Fig. 10). The cause of the slow wave is spatial separation of
the electric energy and the magnetic energy. The electric energy is mainly concentrated in
the thin lossless layer while the magnetic field penetrates into the lossy layer and into the
substrate beneath. This field separation can be made by an appropriate choice of the

structural and material parameters.

NS W dy +dye
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2
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Fig.10 Cross Section of a Slow Wave Structure
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The siow wave propagation in a coupled line can be controlled by a number of

material and structural parameters. We have discovered that the phase velocities of the
even and odd modes can be equalized by a proper choice of these parameters. Hence, it
is possible to build a directional coupler with very small physical dimensions. This
feature is attractive for GaAs monolithic integrated circuits where the substrate real estat~
is expensive. A computer program has been developed for design of directional couplers

both in the forward and backward waves [17].

5.2 Crosstie CPW and Microstrip Slow Wave Structures

A new slow wave structure which does not depend on the substrate loss has been
conceived. The structure is either a coplanar waveguide (CPW) or a microstrip line on
which a thin dielectric overlay is placed. Periodic crosstie strips oriented in the transverse
direction are placed on the overlay. The schematic is shown in Fig. 11. The capacitance
between the crosstie and the center strip of the microstrip or the center strip of the
CPWcan be made extremely large. Since the structure is now a cascaded chain of
capacitive and inductive sections, the electric and magnetic energy are spatially separated
to cause a slow wave effect. It is important that the operating wavelength be sufficiently
longer than one period of the crosstie CPW or microstip line so that the structure
simulates a uniform transmission line. Due to a large capacitance and inductance per unit
length, the phase velocity is extremely small and hence the slow wave is obtained. A
preliminary calculation suggests that a slow wave factor of more than 10 can be obtained
[18]. There are a number of conceivable interesting applications. They include a
bandstop filter made of a doubly periodic grating and other types of filters. All of them
are expected to be small in size. These devices will be investigated in the subsequent

contract period.
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6. Broadband Planar Optical Modulator

The major limitation of a traveling wave optical modulator is velocity matching
between the guided optical wave and the modulating microwave signal. A mismatch of
the phase velocity between these two waves limit the bandwidth of the modulator. The
optical wave is guided typically by a waveguide which is buried in a substrate material.
On the other hand, the microwave signal propagates along a strip conductor on the
surface of the substrate. In the case of a GaAs based modulator, the phase velocities of
the microwave signal is much faster. Since the new crosstie overlay coplanar waveguide
described in the previous section has the capability of slowing down the microwave
signal, this structure can be used as the propagation path of the modulating microwave

signal for a traveling wave integrated optical modulator created with a GaAs material.
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, Another important parameter of the traveling wave modulator is the charactersitics

impedance of the microwave signal path. The crosstie structure has the capability of
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Y adjusting the characteristic impedance in addition to the phase velocity. Itis possible to
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i, . attain a broadband impedance matching by this structure.
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The crosstie structure is provided via a dielectric overlay on a coplanar waveguide
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electrode which is placed on a GaAs/GaAlAs layered structure. The optical waveguide is
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]

in the form of a GaAs channel waveguide (see Fig. 12). A preliminary investigation

-

leading to the design of this optical modulator is reported in [19] (see Appendix 4).
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Comparative Study of Mode-Matching
Formulations for Microstrip
Discontinuity Problems

TAK SUM CHU, TATSUO ITOH, FeLLow, IEEE, AND YI-CHI SHIH, MEMBER, IEEE

Abstroct —Several matrix formulations for the microstrip step-discon-
tinuity problem are compared. Although they are theoretically identical,
one of them has an advantage in numerical labor, relative, and absolute
coavergence. Results of this method are checked with other published data
and with those independently obtained by the modified residue calculus
technique.

I. INTRODUCTION

STEP DISCONTINUITY is frequently encountered

in microstrip line circuits and, hence, its analysis is
important for circuit design. There are several approaches
available. When the microstrip is enclosed in a waveguide-
like case, it is possible to calculate the fundamental and
higher order modes in both sides of the step and to impose
the continuity conditions of the tangential field in the cross
section of the shield case at the step location. This process
leads to a system of mode-matching equations. When an
open microstrip line circuit is dealt with, the higher order
modes can become radiation modes which must be in-
cluded in the mode-matching procedure.

In many applications, the so-called waveguide model has
been found useful for calculation of the scattering at the
microstrip discontinuity [1]-[3]. In this paper, we assume
that the waveguide model is an acceptable technique for
the calculation of the step-continuity problem. In addition,
radiation and surface waves are not considered. The moti-
vation for the present work is somewhat different from
those published. Although a number of numerical data are
presented in the literature {1)-[3], details of the numerical
process are not clear. The objective of the present paper is
not to duplicate the numerical data already available, but
to place some foundation on how these data should be
calculated. We present several alternative formulations.
Although these formulations are theoretically identical, it is
pointed out that the numerical labor and accuracy depend
on the choice of formulation and some are better than
others.

Manuscript received February 4, 1985; revised May 14, 1985. This work
was supported in part by the U.S. Army Research Office under Contract
DAAG 29-84-k-0076.

T. S. Chu and T. Itoh ars with the Department of Electrical and
Computer Engineering, University of Texas, Austin, TX 78712,

Y-C. Shih is with Hughes Aircraft Company, Microwave Products
Division, Torrance, CA 90509.

Fig. 1. The waveguide model of the open microstnp line.

“The best formulation can be decided based on the matrix
size, relative and absolute convergence, and other numeri-
cal considerations. It turns out that the best formulation is
the one we often choose without clear reasoning. The data
for a microstrip step discontinuity are compared with
available data. They are also compared with the modified
residue calculus technique, which serves as an independent
check of the numerical accuracy.

Before starting the formulation, let us briefly review the
waveguide model. In this technique, the uniform microstrip
line of width w; on the substrate of height 4 and relative
dielectric constant e, is replaced with an equivalent paral-
lel-plate waveguide with magnetic side walls (Fig. 1). The
substrate height is kept identical. However, the effective
width w,,, and the effective dielectric constant ¢, are used
to define the effective waveguide in such a way that the
effect of the fringing field of the microstrip is taken into
account. Specifically, these effective values are related to
the propagation constant 8 and the characteristic imped-
ance Z, via

€ = (B/ko)
Zy = (1207/ e ) (h / Werr)- (1)

Note that 8 and Z, can be found from a standard analysis
such as the spectral-domain method, from curve fitting, or
an empirical formula, once the structural parameters of the
microstrip line are given.

For the analysis of the step discontinuity, both sides of
the step are replaced with their respective equivalent wave-
guides. Note that the heights of these two waveguides are
identical. Hence, the problem remains a two-dimensional
one as the field is uniform in the y- (vertical) direction.
Also, note that the dominant mode in the equivalent
waveguide is TEM. In the following sections, all structural
parameters used, except h, are presumed to be the “effec-
tive”” ones, unless otherwise stated.
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ity. (b) Auxiliary geometry for the waveguide problem.

Fig. 2.

II. FORMULATION

The problem under study is the waveguide model for the
microstrip step discontinuity shown in Fig. 2(a). The struc-
ture is assumed to be ‘symmetrical, and the parallel-plate
waveguide is idealized with magnetic side walls. For con-
venience of analysis, an auxiliary structure is introduced in
Fig. 2(b). Only one half of the original structure is consid-
ered because of symmetry, and the transversal magnetic
wall at the discontinuity is recessed to create a new region
C. The original structure is recovered by letting d = 0.

The mode-matching procedure begins by expanding the
tangential electric and magnetic fields at the junction in
terms of the normal modes on both sides of the junction.
For TE,, (n=0,1,---) excitation, we write down the E,
continuity equation

K-1
M-l Y (B +B)¢,,, 0<xs<0
+ - n=0
L (A7 + A7 )ben=4 [,
"0 Z Cn¢cn(1+p;|)9 beSa
n=0
(2a)
and a corresponding one for H,
-1
Z (A:—A;)Y¢H¢¢H
n=0
K-1
= Z (B:—Bn_)ybn¢bny OSXSb
n=0
= Z C cn(l ) beSa (Zb)

n=0

‘.r.u-

-. .’ r - ' - Al
") ._."' q o w
A ) '\. \\ 5'('._’\’.*\*\,,\5\..‘, 4.\.._”_

.ﬂ’)“l XV 7,
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where
¢an-/(¢u0/a)c°s(knnx)’ kan’(""/a)
¢bu -,/(Cno/b)COS(kb.X), kbn - (’"’/b)
¢cn-v/((no/c)cos(kcn(a—x))’ kcnS(’"’/c)
€o0™1, n=0
2, n%0
and

Yan = ((lkg —(n‘”/a) )
Yon=y(€:k3 ~ (nm/b)" )=
) g "\/(‘xko -(’”’/‘-')2) =/§..

p.=exp(-2j8,d).

In (2), ¢,,, 9sa> and ¢, are normal modes in Regions A,
B, and C, with propagation constants B,, v,. and f,,
respectively. A,F and B, are the given incident field coeffi-
cients from Regions A and B (usually only one 4, or B, is
considered at a time), while 4;, B, and C, are the
unknown excited field coefficients in regions A, B, and C
respectively. p, is the reflection from the magnetic wall in
Region C.

From modal orthogonality, we obtain the linear simulta-
neous equations for the unknown modal coefficients

K-1 L-1
Al+Ad;= Y H (B +B )+ ¥ H,C.(1+p,)
nw( n=0

K-1
Yam(A;—A;)= z Hmann(B:_Bn-)

ne=0

L-1
+ 2 HmchnCn(l - pn)v

ne0
m=0,1,2,---,M -1 (3a)
M-1
Y H,(A7+A47)=B,+5,
n-O
E nm an -An_)=ybm(Br:—Br;)‘
n=0
m=0,1,2,---,K-1 (3b)
M—l_
n=0
Z Hnm an(A‘_A ) C m(l_pm)v
n=0
m=01,2,---,L-1 (3¢)
where
b
Hmn’/(;¢am¢bndx .
(‘mO‘nO)l/z(l) 2kam(_l)"5in(kamb)
ab 2 kim— ki

B, - fh " Gumben dx

((»10(’10)1/2 l Zkam(-l)"“Sin(kumb)
It e

.
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To condense the above equations, we define the following
matrices:

Yo O 1
Yy

0 }

Y,= Y, .

i Y |
i=ab,c
n=M-1,K-1,L-1,

~1+po 0 ]

0 1+p,
R= .
i ' 1+p"J
-l-po 0 .
l—pl
0
R’ = .

L . l_p"..

n=L-1

[ |

yo|" 0 R-[1-0] r-[L12]
SRR 0 R’ 0 R
G=[H H]

where / is the identity matrix, H is a matrix of size M X K
with generic element H,, as defined above, while H is a
matrix of size M X L with generic element H,,,,.

Then, the mode-matching equations can be written in
the following matrix form:

g‘+g'=G§z_i*+G¢_i' (4a)
Ya(e‘-e‘)=GY41—*'4+-GY44‘ (4b)
G'(ga*+a”)=Rd* +d" (4¢)
GTYa(‘}*".‘_)'YdR"f‘Yd‘.‘— (4d)

where superscript T denotes transpose operation, and
- By
By

-
- A
A

Al

e e
L) e AN e
ST *}" oy

!

Rt oid Sl SRS Ut b et 0,0 et gt ot ia®oind bt ) 0 A b AN

Fig. 3. Classification of formulations.

- B(;
B [ 47 ]
B; A
4*- -f:l a = Az-
Co - M
(o) N
: [ A ]

a* and d~ are column vectors of the excitation terms and

a~ and d* are column vectors of the unknown modal
coefficients. All matrices are of size (M X M); this requires
that K+ L =M.

When M — o0, we can prove that G~ ! = G'. Therefore.
(4a) and (4b) are equivalent to (4c) and (4d). Two indepen-
dent vector equations are required to solve for two un-
known vectors. Hence, for four pairs of equations ((4a) and
(4b), (4b) and (4c), (4c) and (4d), and (4d) and (4a)).
substituting one equation into the other in the same pair,
we have eight ways to solve for a* and d~. They are
defined graphically in Fig. 3. The approaches indicated by
a solid arrow are classified as the formulations of the first
kind and those indicated by a dashed arrow are of the
second kind. Although the eight ways of solution are
theoretically equivalent, their numerical behaviors are
somewhat different, especially when the magnetic wall is
introduced at the upper half of the junction (d =0, p, =1).

For general cases d + 0, all the formulations require a
matrix inversion of size (M X M). For our limiting case of
d = 0, special modifications must be made for some cases.
Specifically, 1D and 2B need to inverta (M + L)X(M + L)
matrix and 2C (Appendix A) needs to invert a smaller
(K X K) matrix. Hence, 2C is most attractive to us be-
cause of its potential of numerical efficiency. In the next
section, we will examine the various approaches in terms of
the numerical stability and convergence.

III. NUMERICAL RESULTS

To study the numerical behavior of the various formula-
tions, we have chosen the structural parameters as: a =
100, 5 =26.1 (in mils), ¢, =2.2,¢,=2.1. The dominant
mode (TEM) reflection and transmission coefficients at the
junction are calculated by varying the matrix size for
different K /M ratios.

Since formulations 1D and 2B have an apparent disad-
vantage in numerical calculations, they are not considered
here. After extensive studies, we have found that 1A, 1B,
and 1C are numerically identical. Similarly, 2A and 2D are

<
—‘.

yrd

S

S hS

ARSAID TR W

o

L Ml

’

"G
.

4
¢

!bf"l‘j'_‘: "l ' ;- / 4

5 -

. Sy Ay ]
, LA

N IS

5

€
l'
v

N

» “ v s
"‘P;‘z‘}';'/ LA

PG b

£y

™




=2 SR

o

L
ey

v

Ry M boF 2o i g

it
o

P A P

s

“%% %W

LY

XA

N

PR AR

Dt

Pl Yt )

A Y

A adans

LA

e

.
a
'
v

e et et Somav - h et e g A et e ot
N AL N e TR AT T T T T e T e T

CHU et ul.: MICROSTRIP DISCONTINUITY PROBLEMS

8088 v v v y——
.o0e0 £
. b
0 £
.soss B Ae-A: L/Ke1
—
g .e0%0 b €ev-C: L/Xe3
28 .ooes |
-
0080 F 2
0018 | \ E
L0010 | ———
.e008 | p-
8000 E
soms £ —————e 3
SO80 A b - . - A A 'y S -
. Q [] . ) ) 10 [¥] 1+ ) 1.
K (matrix stze is X«4)
(a)
sem r ~—r v ———y 2 —————t ]
580 } -
J
K3 E -
4
. 00 E
p
.see 4
A-ve-A  K/Me0.13 1
—.g: .sees BeeanB i K/MSO.26 ]
2 80w C-en-C i K/Me0.39 4
i3 o 0-4a-0 : K/We0.52 b
BLE F Ee-eeE - K/Med.4S ]
.87y -
.87 .
KAl -
e Ao 4 " . " .
sare 0 . 0 0 0 ) 0 T e
M (matrix siie)
(b
o - v v ——r ———r—r v
oo \
\_—\_
-se ’P\\_‘ g g e
- —”'—‘
PSS .
L o " /\—'——“—_—-‘
— l P
2
2 -1}’- /
i‘i L — Aok MKl
5 .asea t booap WKL
- CoraeC M/Ke}
seen D..-D WKad
L EeeosE M/KaS
[
e }-
e, N N PPN A .
tanad™ . 0} . ) Y] . ] ) o
L (metris size)
(©)

Fig. 4. Convergence study for various formulations: (a) formulation 1 A;
(b) formulation ZA; (c) formuiation 2C.

numenically identical. Therefore, only three sets of data,
corresponding to 1A, 2A, and 2C, are given.

In each formulation, the indices L, K, and M are
involved. The numerical results are affected by the ratios
among these indices. This is called the relative convergence
phenomenon, and it has been thoroughly discussed in the
literature [4], [5]. It is well known that the best approxima-
tion to the true solution is obtained for L/K=c/b=
73.6/26.1 or M/K =a/b=100,/26.1 (refer to as the right
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Fig. 5. Relative convergence problem of formulation 1A demonstrated
by field plots.

ratio). It is observed that 2A and 2C suffer very little from
the relative convergence problem (Fig. 4b) and (c)). The
problem is more senous in 1A, as can be seen in Fig. 4a).
With a ratio of one, the dominant mode reflection coeffi-
cient converges to an incorrect value (curve 4 in Fig. 4(a)).
Curve C is calculated using a ratio of three, which is close
to the right ratio.

The relative convergence effect can be more clearly
observed from the plot of H, at the junction. The resultant
field calculated by 1A is shown in Fig. 5. In Fig. 5(a), we
plot the fields calculated using a ratio of L/K =28/10
(very close to the right ratio) and a ratio of 29/9 (higher
than the right ratio). In Fig. 5(b), we compare the field
calculated using a ratio of 27/11 (lower than the right
ratio) and a ratio of 28 /10. It is interesting to note that,
with a higher ratio, the calculated field behaves better on
the magnetic wall discontinuity than on the aperture, while
the opposite is true for field calculated using a lower ratio.
This might seem reasonable because, for a higher ratio, we
use more modes on the magnetic wall than on the aperture
and vice versa for a lower ratio. Fig. 6 shows the resultant
fields calculated by 2C. Different ratios have no noticeable
effect. The fields calculated by 2A behave similar to those
calculated by 2C.
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A comparative study on the numerical efficiency for
different approaches has also been done. In this case,
M/K = 4, which is close to a/b, is chosen. The results of
the dominant mode reflection coefficient S{00]{00] are
evaluated as a function of the matrix size required and
shown in Fig. 7. In addition, a comparison of how well the
fields of the two sides match at the junction is done
between formulations 2A and 2C. In both calculations, M
is set to 40, K to 10. The result is shown in Fig. 8. The
fields calculated by 2C match as well as, if not better than,
those calculated by 2A. Keep in mind that we have to
invert a matrix of size 40 in 2A, compared to a matrix of
size 10 in 2C. It is now obvious that 2C has definite
advantages over other approaches. This formulation is to
be used for further studies.

Let us refer back to (2) at this point. In many attempts,
E, in the region b < x < a is not used as H, = 0 there. This
is identical to 2C and, hence, is our preferred choice.

To check the validity of our calculations, we have calcu-
lated the frequency response of a microstrip step discon-
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tinuity using the same parameters given by Kompa [2]. The
results of the dominant mode reflection and transmission
coefficients S[00}][00]) and S[00]{00] are shown in Fig. 9.
They are in good agreement with Kompa's results. The
small discrepancy is due to the different formulas used for
obtaining the effective width and effective dielectnic con-
stant of the waveguide model. Furthermore, we have
checked the results with those independently obtained by
the modified residue calculus technique [6]. The results of
S[00][00] are shown in Table I and Fig. 10 for comparison.
The caiculations are performed using Kcmpa’s parameters.

IV. CoNcCLUSION

The mode-matching method has been applied to analyze
the microstrip step-discontinuity problem based on the
waveguide model. A comparison has been made among the
various mode-matching solutions based on the matrix size
and relative and absolute convergence. Although they are
theoretically identical, one of them proves to be most
suitable for numerical calculations. The results by this
method are in good agreement with other published data
and with those independently obtained by the modified
residue calculus technique.
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)
N TABLE [
COMPARISON OF THE RESULTS BY MODE-MATCHING METHOD AND
P BY MRCT*
- Mode Matching MRCT
y Sisasidor 0.1837~ ;0.02291 0.1837 - ;0.02297
- S60%00r -0.7856 + ;0.2227 -0.7855+ ,0.2233

*®Calculations are performed using Kompa's parameters at 2
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Generalized Scattering Matrix Method for
Analysis of Cascaded and Offset Microstrip
Step Discontinuities

TAK SUM CHU aAND TATSUO ITOH, rFeELLOW, IEEE

Abstract — Detailed algorithms are presented for characterizations of
cascaded microstrip step discontinuities, symmetric stubs, and offset step.
The analysis is based on the generalized scattering matrix techniques alter
the equivalent waveguide model is introduced for the microstrip line.

I. INTRODUCTION

HE EQUIVALENT waveguide model has been ad-

vantageously used for characterizing a number of
discontinuities appearing in microstrip circuits [1]-[3].
Although the radiation and surface-wave excitation are
neglected, these characterizations provide useful and accu-
rate information in many practical applications. Formula-
tions for these discontinuity problems are typically done by
the mode-matching technique. However, detailed formula-
tion algorithms are not readily available.

Recently, the present authors carried out an assessment
for a number of different formulations for a microstrip
step discontinuity within the framework of the waveguide
model. The most economical and yet most accurate formu-
lation was suggested [4]. The step discontinuity has also
been analyzed by the modified residue calculus technique
(MRCT) [5].

The present paper extends the analysis of the step dis-
continuity to a cascaded step discontinuity and an offset
step discontinuity. The symmetric stub can be treated as
the cascaded step discontinuity. The offset discontinuity
will be treated as the limiting case of a cascaded discon-
tinuity. In each case, the individual step discontinuity is
characterized by either the MRCT or the mode-matching
method. The analysis results in a generalized scattering
matrix for each step. The analysis of the cascaded step is
undertaken by invoking the generalized scattering matrix
technique in which the generalized scattering matrices of
two step junctions are combined [6], [7]. The ultimate result
is the generalized scattering matrix of the cascaded junc-
tion as a whole.

It should be noted that thc waveguide model is presumed
to be an acceptable model for the present analysis. The
results are compared with the experimental data as well as
those reported in the literature.

Manuscript received August 2, 1985; revised October 1, 1985, This
work was supported in part by the U.S Army Research Office, under
Contract DAAG29-84-K-0076.

The authors are with the Electrical Engineening Research Laboratory,
University of Texas, Austin, TX 78712

IEEE Log Number 8406468.

II. FORMULATION OF THE PROBLEM

A. Cascaded S.ep Discontinuity

The algorithm for the analysis will be best iilustr
means of the cascaded step discontinuity. Specific «
required for the offset discontinuity will be explaine
The first step of the analysis is to replace the mi
circuit under study with its equivalent waveguide mc
The top and bottom are electric walls and the sidew
magnetic walls. The height 4 in Fig. 1 remains unc!
The effective dielectric constant ¢, and the effectiv
W, of region I with the microstrip width W, can be
from the dominant mode phase constant 8, and tt
acteristic impedance Z,, of the microstnp line

€= (Bn/ko)2
Zgy = (120776, | (h/ ).

B, and Z,, must be calculated from the structural
ters by a standard full-wave analysis [9], {10} or a ¢
formula [11]. Other regions may be modeled in a
manner.

The next step is to charactenize all the discont
involved in the waveguide model of the microstnp
under study. This characterization is done in terms
generalized scattering matnix [6), [7]. Thus matrix 1s
related to the scattering matnix used in the mic
network theory, but differes in that the dominant as
higher order modes are included. Therefore, the
alized scattering matnix will be, in general, of infinit.
Consider, for instance, the TE , excitation with unit
tude from the left to junction 1 in Fig. 2. If the am
of the nth mode of the reflected wave to the left is
(n, p) entry of the scattering matrix S'!(n, p)
Similarly, if the amplitude of the mth mode of th
transmitted to the right in B, S¥(m,p) s B,
matrix elements can be derived similarly. Hence, the
alized scattering matrix S, of the junction 1 can be
in terms of four submatnces of infimte order

_ Sll Sl2
S = [Sll sl
The corresponding matrix of the junction 2 s
_ Sl) STM
52 - [s‘l S“ ’
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Fig. | Cascaded step discontinuities, equivalent waveguide model, and
top view.

All of the elements of the generalized scattering matrix can
be obtained by solving the electromagnetic problem of the
junction scattering by means of a standard technique such
as the mode-matching technique [4] or a modified residue
calculus technique (5]. Since the details of these methods
for an isolated step discontinuity are reported in [4] and
[5). they are not repeated here. We presume all of these
quantities are now available.

The remaining step is to combine these generalized
scattenng matrices of the cascaded junctions and to derive
the composite matrix.

o SAA SA('
§= [S(" sec |’ (5)
To this end, we introduce the transmission matrix S/ of
the waveguide between junctions 1 and 2. The wave travels
a distance L so that each mode is multiplied by exp(~ yL)
e Mt

S = ent 0 (6)

0 e Y.l

where v, is the propagation constant of the nth mode of
Region B. Hence v, = jB8, L, where 8, is the dominant-mode
phase constant of Region B. QOur algebraic process to
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Fig. 2. Denivation of § parameters for the cascaded step discontinuity
structures.

derive § is detailed in the Appendix. The results are

$44 = 1l 4 S, S GG (72)
SA('=Slls(l.)U2S]4 (Tb)
A = Sdls(l,)ulszl (Tc)
SCC=§%+ 595y sTSSH (7d)

where
Ul=(l_szzs(L)SJJS(l;)~l (8a)
Uy= (1~ §¥sthsigny ! (8b)

and [ is the unit matrix. The above matrices are formally
of infinite size. However, in practice, these matrices must
be truncated to a finite size. It is found that excellent
convergence is obtained when 3X3 or even 2X2 sub-
matrices S'!, etc., are used.

It should be noted here that the use of generalized
scattering matrices is increasingly more important as the
distance between two junctions is smaller. Therefore. the
present technique can be used for analysis of the symmetric
stub from the knowledge of the generalized scattering
matrix of a single step discontinuity.

B. Offset Step Discontinuity

Next, the technique descnibed above will be applied to
an offset step discontinuity shown in Fig. 3. This offset
discontinuity occurs in a microstnp circuit either intention-
ally or unintentionally. As we will see shortly, a small
amount of offset A significantly affects the scattering
characteristic of the discontinuity.
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(a)

(b)

Fig. 4. Equivalent waveguide model of the offset step: (a) perspective
view and (b) top view.

Once again, the first step is to derive the equivalent
waveguide model depicted in Fig. 4. Although a direct
formulation of Fig. 4 is possible by way of the mode-
matching technique, we will take an alternative approach
in which the formulations and the generalized scattering
matrices of the symmetric step discontinuities are advanta-
geously used. To this end, an auxiliary structure in Fig. § is
introduced. Notice that the original offset step discontinu-
ity structure can be recovered by letting § in Fig. 5 to zero
after all the formulations are carried out. Also, the individ-
ual discontinuities J1 and J2 in Fig. 5 are one-half of the
symmetric step discontinuities. Hence, all of the previous
results for the symmetric step discontinuities excited by the
even-mode can be directly used. In fact, in [4] and [5], only
one-half of the structure has been used for analysis.

Once the scattering matrices of J1 and J2 are available,
the scattering matrix of the composite discontinuity can be
derived from (7) and (8) except that S’ = / when § — 0.
This completes the formulation for the offset discontinuity.
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Region B I——-—

Regton C
Region A

Fig. 5. Auxiliary structure of the offset step for the generalized scattering
matnx technique.
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Fig. 6. Numerical data for the cascaded step.

III. RESULTS AND DISCUSSIONS

. Fig. 6 shows typical results of the amplitude of the
dominant mode (quasi-TEM) reflection coefficient from a
cascaded step discontinuity. The results are found to agree
very well with the experimental data taken at Hughes
Torrance Research Center for the microstrip circuit on a
Duroid substrate.

For efficient calculation, it is desirable to be able to
truncate the matrices at as small a size as possible with
accurate results. In the case of the cascaded discontinuity,
S'Y contains a convergent factor since all of the higher
order modes have real values of y,. In the case of an offset
discontinuity, such exponentially decaying factors disap-
pear because the length § — 0, and hence $*) = I. To test
the convergence of the solution, the dominant-mode trans-
mission coefficient calculated using generalized scattering
matrices of sizes 2x2, 3x3, and 5x5 are compared.
Physical parameters are chosen to be the same as those
studied by Kompa (12] so as to permit a comparison of
results. Fig. 7 shows the results of this convergence study.
It is seen that even the 2x2 matnx gives reasonably
accurate results. To establish the validity of the results,
they are compared with those calculated by Kompa [12).
This comparison is shown in Fig. 8(a) and (b). Finally, the
dominant-mode transmission coefficient for various ec-
centricities are calculated. It is evident in Fig. 9 that the
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effect of the first odd-mode cutoff is exhibited as soon as
the eccentricity is nonzero. Also, for 4 = 0.5 cm, the effect
of the second- (even-) mode cutoff is quite small due to the
fact that the center of the smaller waveguide is located at
the second-mode null and, hence, little coupling via this
mode exists.

1IV. ConNcLusIONS

The generalized scattering matrix technique has been
applied to the problems of a cascaded step discontinuity
and an offset step discontinuity. The waveguide model has
been presumed to be applicable for analysis. Individual
discontinuities are characterized first and the results are
used for the description of the composite discontinuity via
the generalized scattering matrix technique. In spite of the
two-step process, the overall effort in numerical processing
is quite efficient. In actual numerical software, the pro-
grams for isolated discontinuities can be used as sub-
routines for the composite structures.
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APPENDIX
DERIVATION OF SCATTERING MATRIX FOR THE
CASCADED STEP DISCONTINUITIES

The following matrix equations can be derived from Fig.
2:
R"‘” [ st gy
[ R u s l(z) ' (A1)
1(2) 0 S(L) R(Z)
[1(3)‘ S(I) ][R(J) (AZ)
R [s® 534 I
[R(C) S“ o ) (A3)
Next, (A2) is substituted into (Al) to get
R(A)=Slll(4)+leS(l.)R(3) (A4)
R =S¥ 4 gEgUIRD), (AS)
Next. (A2) is substituted into (A3) to get
R(J) - SDs(l.)R(Z) + S}dl((‘) (A6)
R((‘) — SdJS(I )R(Z) + SMIJ(‘)' (A7)
Equanons (AS) and (A6) are used to isolate R® and R™
R(Z)=Ulszll(A)+U13228(L)5341(() (AS)

where

1

U= (I- SZZSlI,)SJJSH.))

and

RO =U,SVSISI[A L U, S¥C (A9)

where
= (I" SJJs(I.)sZZs(I,)) '_
Finally, (A8) and (A9) are substituted into (A4) and (A7)
to get
R\A = SIl[(A) + S'ZS""U,S”S""SI'I‘ 4)
+ SlZS(")U»S“I(()
R((') = Sd!s(l,)u]lelH)
+ SA3S(I.)UISZIS(l.)SMl(() + S“I‘O.

§44. §4C, § and S$C can be identified easily from the
above equations.
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Microstrip-Fed Planar Frequency-Multiplying
Space Combiner

S. NAM, TOMOK!T UWANO, miMBER, 1EEE, AND TASUO ITOH, FeLLOW, IEEE

Abstract — A frequency-muitiplying power combining array has been
made of slots in the ground plane on a substrate with a microstrip feedline
an the back side. The second harmonic generated by a diode in each slot is
combined in free space. A design procedure and experimental results are
presented.

I. INTRODUCTION

ENERATION OF a coherent millimeter-wave signal

with a reasonable strength becomes more difficult as
the frequency of operation is increased. One of the meth-
ods to alleviate this problem is the use of a power combin-
ing technique [1]. However, it is increasingly difficult to
combine the power outputs from more than a few devices.
In many power combining schemes, very involved design
procedures, complicated fabrication, and tricky postfabri-
cation tuning are required. An alternative approach is the
use of frequency multiplication [2]. In this approach, the
output power level is ~ubstantially lower than the input
signal level. In addition. the power level that can be
handled by a diode-tvpe frequency multiplier is quite
limited. To alleviate many of the deficiencies described
above. a quasi-optical frequency-multiplying space power
combiner has been proposed and tested [3]. The proposed
structure contains in a single component (1) a slot antenna
array, (2) frequency muitipliers, and (3) a power combiner.
The structure has a simple configuration and requires no
bias and no postproduction tuning.

In this paper, a new printed circuit configuration of the
frequency-multiplying space power combiner is presented.
In contrast to the work in (3], no waveguide is used for
feeding. In the new structure, the array of slots on the
substrate is fed by a microstrip line or a coplanar waveguide
fabricated on the back side of the substrate. The new
structure has other devirable features, such as (1) a planar
structure suitable for monolithic integration, (2) large
coupling, (3) controlluble coupling, and (4) flexibility in
the arrangement of slots on a planar circuit.

Fig. 1 shows a tvpical configuration of the planar
multiplier /combiner. On the front side of the substrate,
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Fig. 1. Structure of multiplying slot array fed by microstrip.

there is an array of slots and in each of these a diode is
placed for frequency multiplication. A microstrip line feed
on the back side is used in this example. The incident
signal at the frequency f, is successively fed to these slots.
which are typically a quarter wavelength long. The diode
in each slot generates a second harmonic of 2. Then the
slot behaves as a half wave slot dipole and an efficient
radiation of a 2f, signal takes place. The radiated powers
from all the slots are combined in free space. This paper
reports an experimental design of the structures scaled for
a low-frequency operation at the X-band. This scaling
allows us to use more precise characterizations than those
attainable at millimeter-wave frequencies. so that useful
design data can be collected more efficiently.

1L

In order to design the proposed structure. it is necessary
to know the characteristics of the microstrip-to-siot tran-
sition, the phase relationship between slots, and the
conversion gain of cach slot. Let us first study these
characteristics in detail.

DESIGN PROCEDURE

A. Muagnitude Characteristics of Microstrip-to-Stot
Transition .

The transition characteristics have been studied based
on the approumate equivalent circutt shown in Fig. 2 4]
The magnitude characteristics of the coupling from the
microstrip to the slot, the insertion loss of the slot. and the
return loss of the stot with a 50-Q load located at the

0018-9480,/87 /1200-1271301.00 1987 IEEE
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Fig. 2. Equivalent circuit for one slot (/ = X ,8).

center of the slot are given as follows:
z Coupling = 20log |2nZ (cos Bd +tan Bd sin Bd )
[(Zon+ 20+ Z)(1 + jZo, 180 8/ Z,))]
’ (1)

Insertion loss = 201l0g2Z, ( Z,,, + Z, + Z)| (2)
| Return loss =20log|( Zy,, — Z = Z,)/( Zon + Z+ Z)
(3)
I where
& V4 slot impedance seen from the microstrip,
Z,, characteristic impedance of the microstrip,
Z,, characteristic impedance of the slot line,
Z,  termination impedance (50 Q),
Z, slot impedance seen from the center of the slot.

According to the calculated results, the smaller the dis-
tance from the center of the slot to the feeding position,
the larger the coupling becomes. In order to examine the
possibility of controlling the power coupled from the mi-
crostrip to the slot, we measured the transition characteris-
tics. Measurement of microstrip-to-slot transition has been
carried out with the conventional coaxial-to-slotline transi-
tion {5] as a probe for picking up the signal over the slot in
C place of the diode. From the measurement results, it is
. found that the control of the power coupled from the
) microstrip to the slot is possible by controlling the distance
' from the center of the slot to the feeding position. Also, it
is seen that the equivalent circuit for the transition gives a
prediction that agrees well with the measured data, if n =1
: is chosen, as long as the feeding position is not too close to
3 the end of the slot. The results are shown in Fig. 3. The
: dotted lines show the calculated results under the assump-
tionof n=11n Fig. 2.

v B. Phuse Relationship between Slots

The phase relationship between slots is determined by
] (1) the electrical length of the microstrip feed line between
slots, (2) the phase characteristics of the transition, and (3)
) the square-law characteristics of the diode. Among these
factors, the main contribution is the electrical length of the
microstrip feedline bewween the slots. This quantity can be
controlled by the physical length of the microstrip line
between the slots.

The phase characteristics of the transition can be
evaluated from the phase change of the voltage from the
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discance [d])

0o 1 2 34 5 6 {mm]

[ 2
I
t
5
-3
1 i
i
'
(dB]
(a)
distance [d!
0 12 3 4 5 6 [om]
104 load at
B R center
201 .- ~.
: N
1] N
\
N\
404 \\ load at
50 N, ‘feeding position i
) \
|
\\
60 AN |
N i
A i
70 M !
i N
80,
[degree]
(b)

Fig. 3. Transition charactensi:os from microstrip to slot. (a) Coupling
(C). msertion loss (1)), and return loss (L), (by Phase change of
transition with load position.

transition point of the microstrip to the 50-Q load on the
slot by the following equution:

Phase change = arg [2nZ1cos Bd + tan Bd sin Bd )
(2, + 2,2 Z)(1+ 52y, an Bd/Z))]. (4)

The results are plotted 1n Fig. 3(b) as a function of the
position of the load. From these results, we find that the
difference of the phase change to the feeding position can
be neglected if the load is located at the center of the slot.

A diode located across the slot can be thought to pick
up the voltage of the input frequency signal. The voltage
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on the slot forms a standing wave pattern given by
V(x)=sinB(d+1,—x)/sinB(d+1,). (5)

Since this voltage has a maximum value at the feeding
position, it is better to locate the diode at the feeding
positica for 2 better matching and a stronger coupling. Ac
shown in Fig. 3(b), the phase change of voltage versus
feeding position of each transition cannot be neglected in
this case. Therefore, it is required that the difference of the
phase change at each transition be considered for
determination of the length of the microstrip line between
the slots.

In the case of a two-clement slot array, the length of the
microstrip feed line between the slots is A, /2, where A, is
the guide wavelength at the input frequency. However, the
diodes should be placed with the same polarity at each slot
for the broadside operation. This can be explained by the
square-law behavior of the diode [3].

C. Conversion Gain of Each Slot

The conversion gain of a multiplier is defined as the
ratio of the output power to the input power. In the
present case, the input power is the amount of power
coupled to a single slot from the microstrip at the funda-
mental frequency. The output power is the amount of the
power at the second harmonic frequency, which is radiated
by this slot into free space. Thus, we have to evaluate the
amounts of input power and radiated power tc find the
conversion gain. The impedance of the mixer diode used in
this paper is a function of the drive power. However, if the
diode is driven sufficiently (more than 10 dBm), the
impedance is known to be about 50 £. Thus, the power
coupled into the diode at the fundamental frequency can
be estimatcd by using C in Fig. 3(a). The direct measure-
ment of the amount of the radiated output power is very
difficult. Hence, we use an indirect method based on the
fact that the power received at a fixed receiving antenna is
proportional to the output power of a transmitting antenna.
This relation is given by [6]

P=P+G +K (6)
where

P receive power (JBm),

P, transmit power {dBm),

G, transmit antenna gain (dB),

K constant determined by the gain of receiving an-
tenna, distance between the transmitting antenna
and the receiving antenna, and the test frequency.

For the DUT (device under test), the transmit power can
be expressed by
P, =P ,+C,+G, 7

P, transmit power (dBm) from DUT,

P, , incident power (dBm) to the microstrip feed line
in DUT,

C, power coupling factor (dB) to diode in DUT,

G, conversion gain (dB) of DUT.

1273
e e e e - e
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(5.4 GHz)
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(10.8 GHz)
(b)

Fig. 4. Tust sctup for measuring the multiplication conversion gain.
(a) DUT sctup. (b) Reference sctup.

Using (7), the power relation applied to the DUT setup
shown in Fig. 4(a) is given by

P ,=(P,+C,+G)+GC, ,+K (8)
where

P, , receive power (dBm) in DUT setup.
G, , antenna gain (dB) of DUT.

For the reference antenna, the transmit power can be
expressed by

+C, (9)
where

P, . transmit power (dBm) of reference antenna.
P, incident power (dBm) to the microstrip feed line in
reference antenna,

C.  power coupling factor (dB) to reference antenna.
Using (9). the power relation applied to reference setup
shown in Fig. 4(b) is given by

P ,=(P ,+C)+G, , +K {10)
where

P, receive power (dBm) in reference setup.

G” gain (dB) of reference antenna.

t.r

Using (8) and (10). the conversion gain can be calculated
from

G=°p,-P ,-P,+P -C,+C -G, ,+G, . (11)

< ’

D. Design Procedure
Let us consider the design procedure of the multiplving
slot array. Coupling s defined by

Coupling = P,y ~ P [dB]. (12)
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For simplicity, we locate all the diodes at the center of
each slot and design an equally excited, broadside
muitiplying slot array by applying (12) to the measured
results in Fig. 3. First, from the power requirement of the
diodc 1n the first slot, we calculate the necessary coupling
by (12); then we evaluate the location of the microstrip-
to-slot transition from C in Fig. 3(a). We can then find out
the amount of power left over on the microstrip line from
L, in Fig. 3(a). Next, we find the location of the transition
of the second slot so that the power provided to the second
diode is equal to that for the first diode. Then, we deter-
mine the length of the microstrip to the second slot to
obtain an appropriate phase shift between slots. This
process is repeated until all the slots are taken care of.
Notice from Fig. 1 that the location of the transition
moves inward as the feed signal progresses along the
microstrip line. The decreasing power available from the
feed line is compensated for by an increasing degree of
coupling so that all the diodes are given an equal exciiation
power. [t is possible to design various multiplying slot
array antennas with a suitable arrangement of multiplying
slots in the ground plane with the proper excitation powers
and phase differences [6]. These design quantities can be
obtained by controlling the locations of the transitions and
the lengths of the microstrip between the slots.

[

For frequency multiplication, nonlinear reactive elements
such as varactor diodes are desirable for achieving good
performance. However, only the Schottky-barrier diodes
designed for X-band mixers have been available to the
authors. The conversion gain, G_, measured by the method
described above for the structure with the NDSOSI(NEC)
diode has been —6.2 dB. In this experiment, the power
coupling factor to the reference antenna, C,, can be
estimated by

C, = 10l0g[(Pm - Prcf - Plra)/Pin]

EXPERIMENTAL RESULTS

(13)
where

P,, incident power (mW) to microstrip feed line in
reference antenna,

o reflected power (mW) at input port in reference
antenna.

P, transferred power (mW) to the matching load in

reference antenna.

P

An estimated power coupling factor of —7 dB results.
Note that the only difference in antenna structure between
the DUT and the reference antenna is that there is a diode
in the DUT while there is no diode in the reference
antenna. This fact causes a difference in the gain of the
two antennas. The difference of the two antenna gains can
be estimated by measuring the reduction of the recetving
power in the reference setup shown in Fig. 4b) when a
diode is located at the center of the slot of the reference
antenna, About 10 dB reduction in the antenna gain due to
the loading effect of the diode is measured.
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For the other higher order harmonics generated by the
diode, tiie siot can also be thought of as a slot dipole
antenna. However it is observed that the receiving power
of the third harmnnic <ignal is lowei han thai of the
second harmonic signal by more than 10 dB.

In order to design the multiplying slot array antenna, it
is necessary to know the characteristics of the element
radiation pattern of the single multiplying slot antenna.
First, the effect of the ground plane size is evaluated. Fig.
5(a) shows the radiation patterns of a single slot antenna
with a ground plane of different sizes. It is found that the
length of one side of the ground plane should be larger
than seven wavelengths at the radiating frequency (about
20 cm at 10.8 GHz). Otherwise, the element radiation
pattern of the slot antenna has several peaks and valleys.
This effect of the finite ground plane on the radiation by a
slot can be explained theoreticaily by the uniform theory
of diffraction [6]. Next, the effect of the location of the
transition is tested. Fig. 5(b) shows the radiation patterns
of a single multiplying slot antenna with the transition at
different locations. We notice that the position of the
feeding point has a negligible influence on the radiation
pattern. This is due to the fact that for the second harmonic
signal, the diode located at the center of the slot can be
considered a source. Even though its output power is
dependent on the feeding position, its position on the slot
is not changed with the feeding posttion. Therefore. the
radiation power of the multiplying slot antenna is changed
with the feeding position but the radiation patiern for the
front space of the slot seems te be insensitive to the
position of the narrow microstrip feed line on the back
side.

For the loading effect of the diode on the radiation
pattern, the radiation putterns of the single slot antenna
with the diode and without the diode are measured. By
comparing Fig. 5(b) with Fig. 5(a), we notice that the
diode located at the center of the slot reduces the number
of undulations in the radiation pattern. However, the
overall radiation pattern .s not changed.

Based on the experimental transition characteristics and
the elementary radiation pattern of the single slot, we
designed and tested several uniformly excited broadside
multiplying slot arrays. Figs. 5(c) and (d) show the radiation
patterns of a two-element H-plane slot array antenna for
different spacings between the siots. It is observed that the
radiation pattern of an /{-plane array with more closely
spaced elements shifts more from the broadside direction.
This is due to the increased internal mutual interference
between the siots. The spacing between H-plane slots
should be more than one wavelength at the second
harmonic frequency to avoid interference. However, this
requirement produces grating lobes in pairs for a broad-
side antenna. For the Jesign of an array with closer
spacing, it is necessary to measure the element radiation
pattern including the effect of internal interference. Figs.
5(e) and (f) show the radiation patterns of a two-element
E-plane slot array antenna with different degrees of cou-
pling. [t i1s observed that the radiation pattern of an array
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Fig. 5. Mcasured radiation patterns of various multiplying slot anten-
nas. {The magnitude is plotted in linear scale.) (a) Radiation pattern of
a single multiplying slot antcnna for different ground plane sizes
(without diode). (b) Radiaticon pattern of a single multiplying slot
antenna for different feeding positions (with diode, 20X 20). (¢) Radia-
tion pattern of a two-clement //-plane slot array antenna (spacing =
A/2). (d) Radiation pattern of a two-clement /l-planc slot array
antenna (spacing = A). {¢) Radliation pattern of a two-element £-plane
<ot array antenna for large coupling ( ~ 5 dB). (N Radiation pattern of
a two-clement £-plane slot array antenna for small coupling (- 10 dB).
{g) Radiation pattern of 2 1x4 H-plane slot array antenna. (h)
Radiation pattern of a 2x4 '-planc slot array antenna. (The dotted
lines indicate caleulated radiaron pattern.)

with more strongly excited slot elements shifts more from
the broadside direction. This is because the reflected power
at the transition is increased as the coupling increases and
because the neglected phuse shift at the microstrip-to-slot
transition is increased o« the difference of the feeding
positions at the two slots increases.

Figs. 5(g) and (h) show the radiation patterns of the
2X4 H-plane and the 2 <4 E-plane slot arrays with the
calculated radiation patterns, respectively. The measured
radiation patterns agree well with the theoretical results
except for the H-plane radiation pattern of the 2x4
H-plane slot array. The reason for this is explained above.
These arrays are excited with the incident power of 26
dBm at 5.4 GHz. The power fed to each diode is estimated
to be 11 dBm. Fig. 6 shows a photograph of the 2x4
H-plane multiplying slot array antenna for which the
radiation pattern is already plotted in Fig. 5(g).
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(b)

Fig. 6. Pictures of a 2x4 slot array antenna. (a) Slot array patiern

(b) Microstrip feed pattern

IV. CONCLUSIONS

By using experimental data which characterize the tran-
sition from the microstrip to the slot, we designed a planar
multiplier /combiner in the form of a slot array fed by a
microstrip on the back side of the substrate. The results
show the feasibility of the proposed structure. The new
structure has desirable features, such as controilable power
coupling and flexibility in array geometry on a planar
substrate, as well as the features of a general multiplving
slot array {3]. The present structure is suited for microwave
and millimeter-wave integrated circuit applications.
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CROSSTIE OVERLAY SLOW-WAVE STRUCTURE FOR St '
BROADBAND TRAVELING-WAVE TYPE ELECTRO-OPTICAL
MODULATORS*

H-.Y. Lee, T.H.Wang, 'T.Itoh
Department of Electrical and Computer Engineering
The University of Texas at Austin, Austin, TX 78712

"}

ABSTRACT R
This paper proposes a new crosstie overlay slow-wave structure for \‘,'.
a traveling-wave electro-optical modulator and presents a design method '.;:Z:ﬁ
including design considerations for the optimum structure. This structure S
can be designed to satisfy the phase velocity and impedance matching "t
conditions simultaneously over a broad spectral bandwidth. This idea can :::Z_".;
be applied to a number of electrode structures for broadband ‘:‘f;
traveling-wave optical modulators. :;:_
Y
R,
INTRODUCTION R
Very high-speed optical modulators operating up to millimeter wave '
frequencies are required for high-bit rate optical communication and ’
high-speed optical signal processing. The direct modulation of :jfz:::
semiconductor lasers in that regime is not effective due to the cavity :Z'{tl:
structure and needs a short cavity to maintain the single longitudinal mode. .
N
*This work was supported by the U.S. Army Research Office under :ZEZ:::.
contract DAAG-29-84-K-0076. r-.: ‘
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External laser modulation using optical modulators, however, can be used
effectively at such high frequencies while maintaining the cavity mode and
- high purity spectral characteristics.

In particular, traveling-wave optical modulators are very useful for
such external modulation. This is because their modulation depths are

« s x AR

linearly proportional to the interaction length of the crystal when there is no

PN

. phase mismatch between the modulation and light waves along the crystal.

In order to maximize their modulation bandwidths, the phase and
impedance matching conditions must be kept over a wideband and along

. v"‘(:

the crystal through a proper design of traveling-wave structures[1].

Recently, a two-layer traveling-wave type modulator structure using
thin LINbO; crystal on a dielectric subtrate was proposed to satisfy the
above two matching conditions simultaneously([2]. Since the phase velocity
of the modulation wave is much slower than that of the light wave in the
. case of the LiNbO, crystal, the velocity of the modulation wave was
increased using a substrate layer which has a low dielectric constant and
.i ‘ supports the thin LiNbO, layer. However, such a two-layer structure is

intrinsically dispersive because the modulation fields are gradually

concentrated into the upper LiNbO, layer having a high diclectric constant
with the increase of frequency.

Although waveguide modulators on semiconductor substrates offer

the potential for monolithic integration with sources and electrical driver
L circuitry, no semiconductor waveguide modulators with traveling-wave

electrodes have been reported to date[3]. This is because the clectro-optic
- coefficients of semiconductor materials are relatively small compared to
LiNbO;,. Their Schottky junction capacitances, depending on the applied
voltage, complicate the design of broadband traveling-wave structures.
Nevertheless, the low dielectric constants and the small velocity mismatch
for both GaAs and InP are very attractive because they allow a narrow

electrode spacing for a given charateristic impedance and make the phase

o velocity matching easy. However, conventional coplanar traveling-wave
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electrodes on semiconductor materials cannot be designed to achieve this
phase matching because the phase velocity of the modulation wave is in all
cases higher than that of the light wave due to the field in the air side.

This paper proposes an almost non-dispersive slow wave structure
for a wideband traveling-wave type optical modulator. This structure can
be designed to satisfy the phase and the impedance matching conditions
simultaneously.

CROSSTIE OVERLAY SLOW-WAVE STRUCTURE
The proposed slow-wuve structure shown in Fig. 1 consists of an
infinite array of a more capacitive Section A and a more inductive Section
B on the coplanar waveguide[4]. Since the period chosen is much smaller
than the propagation wavelength, this structure behaves as a uniform
transmission line. In this structure, we can increase the effective

capacitance( C) and inductance( L) of this transmission line independently

Digloctric
Insutator

Somi-Insulating
GaAs Substrato

1% °
(]_:— 3—-Dlolaclr|c [
(pasmm e 2 Conductor 3 e ==y
N A £ i oo g i o
ARG UIREIBRRTRB L cars SERIT YL YL fys

Sactlon A Section B

Fig.-1  Proposed Slow-Wave Optical Modulator Structure
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3 :
" by a spatial separation of electric and magnetic energies into two different :.:
3 sections. The shunt capacitance and the series inductance in the equivalent o
5 circuit of the transmission line corresponds to the effective capacitance and ::
' inductance dorminating in Section A -and Section B, respectively.
. Therefore, the propagation constant(B ), which is proportional to JLC, I
% can be increased above that of the common coplanar waveguide. The
' slow-wave factor ( 3/B,,where By, is the free space wavelength) in the
b range of from 2.5 to 12 can be obtained with an appropriate design of the ;
7 structure. N,
! The numerical analysis of this structure has been carried out by a >
N full-wave analysis for each section using the standard spectral domain 5 ‘
N method[5] and by an application of Floquet's theorem to the periodic array. t {
! The dielectric constant is assumed to be uniform in the substrate region at -
modulating frequencies up to the millimeter wave frequency range, because
_ a small variation of the dielectric constant is enough to form a well guiding -
optical waveguide. Although the dielectric loss is negligible for the i
semi-insulating GaAs substrate, the conductor loss cannot be neglected in o
3 this small device structure. The real and imaginary parts of the complex ::_
propagation constants corresponding to the phase and the attenuation f'
constants can be calculated using the spectral domain analysis and the
. incremental inductance formula[6], respectively. ‘
While the calculated complex propagation constants( ,,Bg ) of \
5 Section A and Section B are close to each other and below that of the light \
wave in the channel waveguide, the overall propagation constant( 3 ) of the :‘ ’
periodic array that was calculated using the Floquet's theorem can be
increased by the different characteristic impedances of the two sections. :
The following dispersion and impedance equations are derived by applying
the Floquet's theorem and continuity conditions of voltage and current at .
} each period junction. The discontinuity effects at the junction are assumed N
: to be small for the simplification.
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cos(yl) = cos(‘yAlA) cos(YBlB) - (12)Z \[Zg+Z5/2 ) sin(YAIA) sin(“{BlB)

7 = { Z, sin(y,1,) cos(¥ply) + Zg cos(¥,1,) sin(vylp) 12

L(I/ZA) sin(yAlA) cos(yBIB) +(1/Zg) cos(YAlA) sin(‘ynln)

where v, Z = overall complex propagation constant and charactcristic
impedance
Ya» Yg = complex propagation constant of Sections A and B,
respectively
Z,. Z = characteristic impedances of Sections A and B, respectively
1 =1,+lg, with 1, and I being the lengths of Sections A .ind B,

respectively

Assuming for simplicity that Y,1,, Yglg « 1, Yo =Yg and Z « Zg the

above equations can be reduced to the following simple cxpressions

(14T)B = B, (1+TK+T2) 2

(1+T)2a = (B,/B) Loy, + T 2oy + KT (o, + 05 ) /2]

Z=[Z,Z;TK/(K+T)

Since P and Z are approximately proportional to \/ZB/ZA and \/ZAZB
respectively, in the event of 1 «Zg/Z, and 1= 15, we can easily increase
the propagation constant while maintaining a given churacteristic
impedance. Therefore, this property can be applied very etfcctively in
order to achieve the simultaneous matching of the phuse and the
impedance, that is required in the optimum electrode design of
traveling-wave optical modulators. Furthermore, since this slow-wave
structure is almost dispersionless due to the uniform transmission line
behavior, the structure is very useful for the design oi wideband

traveling-wave optical modulators. This slow-wave phenome:on can also
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A be applied to a number of traveling-wave electrode structures for the .
b optimum design of a wideband optical modulator. :
; ;
:" ) 3
f. PHASE MATCHED OPTICAL MODULATOR
- The proposed slow-wave optical modulator can be fabricated as
g follows as shown in Fig.l. An AlGaAs layer is grown on a -
' semi-insulating GaAs substrate. GaAs optical channc! waveguides are
q formed on the AlGaAs layer by a buried structure technique[7]. Coplanar
& waveguide electrodes are fabricated on the top surface of the AlGaAs layer. 3
) Next, an insulating dielectric layer is deposited. Finally, periodic metal ;
crosstie overlays are fabricated on the dielectric layer. Therefore, the >3
% dielectric loss of the modulation wave and the optical loss due to free Y
[’ carrier absorption can be avoided in this structure. The localized effective 3
L~ index change(8n~n3rE/2), which is formed by the electro-optic effect R
0 for the traveling electric field( E) of the modulation wave, generates the 5
A local phase shift of the optical wave over the interaction length(L )[1]. In ;f_
E order to accumulate the local phase shift along the waveguide, the phase \:.
N matching between the optical and modulation waves can be accomplished : i
. by our proposed slow-wave structure. X
-' Design of Slow-Wave Coplanar Electrode i
‘ This slow-wave structure has many design parameters including a ’
- coplanar waveguide, overlay crossties and a dielectric layer. This allowes a 73
wide design flexibility for the simultaneous matching of the phase velocity o
and the impedance. _'_
. The two design requirements for the simultaneous matching of the '
N ‘ phase velocity and the impedance are given by 2
v, Z = 50(Q) ;:;:
, nMe = nlc :
: 7
! .
! w
N
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where n™ and nlc are the effective index of the modulation and light
waves, respectively.

Additional design considerations(3] shouid be included for high
modulation efficiency, low conductor loss and realizable dimensions. High
field intensity can be achieved by the minimum realizable electrode gap
while low current density requires thick and wide electrodes. Since the
applied electric fields in sections A and B are mostly concentrated in
dielectric and substrate layers, respectively, it is necessary to increase the
length ratio between the two sections(lg/l, ) in order to achieve the high
effective overlap between the applied field and the optical mode. The one
period length(1,+15) for a fixed ratio(lg/l,) affects only the bandwidth
and is limited by the minimum achievable feature size of electrodes. Silicon
Nitride is chosen for a dielectric material because of its high dielectric
constant and high field strength which allow high slow-wave effect and
high field operation, respectively.

Design of Optical Channel Waveguide

The optical waveguide must be designed interactively with the
electrode design to enhance the field efficiency of the modulation wave.
The main factors for the optimum design are the effective index, the mode
size and the relatve alignment to the electrodes.

Since the composition ratio( x ) of the Al Ga,  As layer can be
accurately controlled over a wide range using epitaxial growing techniques,
the refractive index difference( An = 0.62 Ax, where Ax is the composition
ratio difference) between GaAs channel and AlGaAs clad of the
waveguide can be made large enough for the high field confinement of the
optical mode[8]. The mode penetration into the dielectric layer is also quite .
small due to the high refractive index difference between the dielectric and
the GaAs layers. Therefore, the effective index( n‘c) and the horizontal
and the vertical mode sizes( wy,,w, ) can be simply expressed as shown

:j

s
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below for the well guided fundamental mode in rectangular waveguides[9]. :
nly=[n2-(A/2a)%-(A/2b)2]2 2
e
wy=a+0.23 %/ (Anny)}2 £
o
w, =b+0.121/( An-n,)}/2 %
{
where ny, n, = refractive index of GaAs channel and AlGaAs clad i 4
,respectively
a, b = horizontal and vertical length of the rectangular waveguide :’;
,Jespectively
A = free space wavelength of the optical wave
Although small mode size and low effective index are advantageous E. "
for high field overlap and easy phase matching, the minimum mode size \.t
should be comparable with those of typical single mode fibers (=7 um) ‘3.:
for low fiber coupling loss. Therefore, in the optimum design there is a i
tradeoff between the high field overlap and the low coupling loss. Since ’
the minimum electrode gap in this structure is limited by the impedance :'j.
matching to 10 um, the practical ratio between the mode size and the o
electrode gap lies around 0.7. Therefore, the waveguide placed between E\-
the electrodes, which uses the horizontal component of the modulation ::
field, is effective for high field overlap( I' =0.6 ) and has low optical :-
loss[10]. r‘
]
NUMERICAL RESULTS AND DISCUSSION ,
There are many possible combinations of multiple design parameters ~
for the simultaneous matching of the phase velocity and impedance. One !
combination listed in Table-1 is obtained through the above mentioned \
design considerations and the numerical calculations. ::
i
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Table-1 Design Parameters for the Slow-Wave Modulator

MATERIAL DIMENSION PROPERTY
{1m)
SUBSTRATE |SEMIINSULATING h = 100 . =129
GaAs f
DIELECTRIC Si,N, d-08 e, =68
OPTICAL GaAs CHANNEL a=65b=30 n‘ = 3.43
WAVEGUIDE AlGaAs CLAD . n,=3.33
Wa i
S=6
.7\I—
ELECTRODE Au Iam 2 Rg =3x 10 Vi
Qy
fg= 17 (§2/sq)
t= 3

Table-2 Numerical Results for the Design of Table-1
(at 1 GHz modulation frequency and 1.15 um light wavelength)

SECTIONA | SECTIONB OVERALL

n? 2.74 2.72 3.42
a, (em™") 0.40 0.16 0.28

Z(Q) 8.1 66 50

nt 3.42

S 7.0 (um)

Wy 3.2 (pm)

Virin 10 (V)
3dB L 320 (GHz - cm)

T A

P

P
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Bandwidth Yy
. . . 3 . . . ‘
. The effective index dispersion and the characteristic impedance N '
change for the design in Table-1 are shown in Fig-2. From this figure it N
- 3 . *
can be seen that this slow-wave optical modulator has a very wide 5
bandwidth for the simultaneous phase and impedance matching. In order to 3
_ see the frequency characteristics more clearly, we refer to the l:‘_:
r phase-modulation reduction factor[11] given by e
, , 2
n=sin(u)/u b
I o
u=nfL(nMH-nle)/c A
. [
where f, L and ¢ are the modulation frequency, the modulator length and o
[
. . . . [t
the free space velocity, respectively. In Fig-3 the phase-modulation ‘l"
; reduction factor (n) is plotted against the frequency-length product -’
]
f(GHz):-L(cm). The frequency-length product at the 3dB N
phase-modulation factor is about 320 (GHz'cm), which is about 50 times B¢
larger than those of normal LiNbO; modulators and 7 times larger than ﬁ"
that of a phase matched LiNbO4 modulator[2]. Therefore, this modulator "f:-
can be operated up to the bandwidth of 320 GHz for the modulator length Ry
of l cm. ~3
>
r'.
p L4
': g 3.6 54 ~ -:
= e e
’ § Elfective Index of Light Wave 7 § :'_‘- i
—.8(3? 3 ‘ - 4— ................ % 523 ‘:-\
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! Fig.- 2 Dispersion and Impedance Characteristics "
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- Conductor Loss and Modulation Voltage -
. ~
. The overall ccnductor loss per unit length of this structure is about N
: two times larger than that of the common CPW due to the slow-wave ;
factor and the high conductor loss in cross-tie section. Therefore, the o

| effective interaction length (L) is reduced from the actual length(L ) as
below in the phase matched case.

LY Dn
A

(N

Lcrf = (l'c-aVL)/av

. where a., is the voltage attenuation constant.

ERANS i

> e S

=

The maximum effective length for the infinitely long modulator(L =
o) is the inverse of the attenuation constant. Therefore, the minimum
voltage reauired for the half-wave modulation( A = 1t ) of this medulator

can be given by the following equation in the case of perfect phase
N matching.

y ]

eyl
4

, vr .= AG ozv/n3rF
Although the theoretical V ™ . (=10 V at 1IGHz ) is a litttle larger
t than those of the LiNbO; modulators having assymmetric coplanar
electrodes[12], it can be reduced by using the assymmetric coplanar

o3
~
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v slow-wave structure. That allows a smaller electrode gap for a given >
! _ characteristic impedance. y
X y
o CONCLUSIONS
In this paper, a new crosstie overlay slow-wave structure is >
\ proposed for wideband traveling-wave type optical modulators. The h
simultaneous matching of phase veloity and impedance has been A
> successfully achieved through the numerical analysis of the slow-wave 3-
N electrode structure and the design of the optical modulator. This y
. simultaneous matching can be accomplished over a wide bandwidth due to iy
2 the uniform transmission line behavior of the proposed electrode structure. -
:' ”
3
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